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A series of elasto-viscoplastic ﬁnite element analyses is performed to assess the interactive behavior of the Pleistocene marine foundation of the
existing 1st phase island due to the construction of the adjacent 2nd phase island of the Kansai International Airport in Osaka Bay. Marine
foundations modeled independently for the 1st and 2nd phase islands, considering the increase in thickness of the individual layers toward the
offshore area, are proposed for the ﬁnite element analyses. The mechanism for the propagation of excess pore water pressure, due to the
construction of the adjacent reclamation, is discussed through a numerical procedure using the concept of “mass permeability” introduced to
model the actual process of the dissipation of excess pore water pressure in the ﬁeld. A modeling of the compressibility of the quasi-
overconsolidated Pleistocene clay is also adopted to analyze the long-term settlement behavior. It is found that the present numerical analyses are
capable of describing the large and long-term settlement together with the insufﬁcient dissipation and propagation of excess pore water pressure
due to the construction of the adjacent reclamation in the Pleistocene clay and sand gravel layers that has actually taken place in the ﬁeld. The
calculated performance is validated by comparing it with the measured results obtained for over 20 years from the start of the construction.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The project for “a second airport in Kansai” was instituted
in the 1960s based on the assumption that the existing Itami
Airport could not cope with the expanding demand for air
transportation, namely, the increase in cruising range, the
quantity of arrivals and departures and the number of customers.
As for “a second airport in Kansai”, the coast of Izumisano City3 The Japanese Geotechnical Society. Production and hosting by
10.1016/j.sandf.2013.04.001
g author.
sses: mimura.mamoru.3r@kyoto-u.ac.jp,
.dpri.kyoto-u.ac.jp (M. Mimura).
der responsibility of The Japanese Geotechnical Society.was selected as the construction site from several candidate
sites, among them being the ofﬁng of Osaka south port, the
coast of Kobe, the coast of Akashi, Awaji Island and the coast
of Izumisano City. The ﬁrst stage of the construction of Kansai
International Airport (KIX), including one runway and the
terminal building, was started by constructing an offshore
reclaimed island, of 515 ha, 5 km ofﬁng of Izumisano City in
1987. The airport built on the 1st phase island began operation
as the ﬁrst 24-h airport in Japan on September 4, 1994.
The long-term settlement of the Pleistocene marine founda-
tion, due to the huge reclamation load, has been of great
concern in this project. Rapid and large settlement has
occurred with insufﬁcient dissipation of excess pore water
pressure in the Pleistocene clay and sand gravel layers (Akai
and Tanaka, 1999). Mimura et al. (1994) showed that the
remarkable non-linearity of the e−log p relations, reﬂecting theElsevier B.V. All rights reserved.
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yielding are the main reasons for this unusual behavior of the
Pleistocene foundation at KIX. It was reported that a realistic
modeling of this non-linearity of the e−log p relations for the
Pleistocene clay could provide the advance in settlement
without sufﬁcient dissipation of excess pore water pressure.
Mimura and Jeon (2011) proposed a representative ground
model to describe the compression of the individual Pleisto-
cene clay layers together with the generation and dissipation
process of the excess pore water pressure at the center of the
1st phase island of KIX, over a 13-year period, due to the
construction of the 1st phase island. Note that the assumption
of the non-elastic behavior in the quasi-overconsolidated
region for the Pleistocene clay (Mimura and Jang, 2004) and
the concept of “mass permeability” of the Pleistocene sand
gravel layers that control the consolidation of the reclaimed
foundation at KIX have been introduced in the numerical
procedure (Mimura and Jeon, 2011).
The upcoming problem to be encountered is the interactive
behavior between the 1st and 2nd phase islands. In 2001,
13 years after the start of the 1st phase island construction,
reclamation to construct the 2nd phase island was started
200 m offshore of the existing 1st phase island. The generated
excess pore water pressure, due to the construction of the 2nd
phase island, is expected to propagate to the foundation
beneath the existing 1st phase island through the Pleistocene
sand gravel layers. Phenomena, such as the propagation of
excess pore water pressure to the foundation beneath the 1st
phase island, are causing a decrease in effective stress and
induced deformation of the Pleistocene clay layers. It is of
great importance to evaluate the interactive behavior between
the reclaimed Pleistocene foundations of the 1st and 2nd phase
islands of KIX for the stable operation and a strategic system
of maintenance for this offshore airport. Hayami and Akai
(1957) conducted a series of chamber tests using a large-scale
model of artesian sand aquifers. A recharging of the pressured
water to the permeable sand layer effectively functioned to
suppress the compression of the adjacent clay layer. The same
type of performance was conﬁrmed at the Wilmington Oil
Field in Long Beach, CA, USA (Mayuga and Allen, 1969).
The subsidence due to oil pumping, originating in 1928, was
stopped by injecting 206,700 m3/day of water to the oil layers,
starting in 1953. However, the heaving of the ground surface
has occurred (Ishii, 1976). As is understood from these
research and ﬁeld records, the phenomena of ground sub-
sidence and heaving can be brought about by changes in the
water pressure of the adjacent layers; the recharge of water is a
possible countermeasure. However, there is no precedent for
this type of achievement with the numerical analysis for
assessing such behavior as the retardation of the settlement
of a reclaimed island is due to the propagated excess pore
water pressure generated by an adjacent offshore reclamation.
In the present paper, a series of elasto-viscoplastic analyses
is conducted to assess the overall behavior of the reclaimed
Pleistocene foundations at KIX. The adopted procedure for the
numerical analysis is the one proposed by Mimura and Jang
(2004). It should also be noted that the concept of masspermeability is applied as a reasonable modeling for the
Pleistocene sand gravel layers, as reported by Mimura and
Jeon (2011). Attention is paid to the interactive behavior of the
reclaimed foundations due to the adjacent construction of the
1st and 2nd phase airport ﬁlls. In particular, the behavior of the
Pleistocene foundation of the existing 1st phase island, due to
the construction of the adjacent 2nd phase island, is carefully
discussed.
Considering the increase in thickness of the individual layers
toward the offshore area, the foundations are modeled inde-
pendently for the 1st and 2nd phase islands, on the basis of
representative subsoil models, by boring information. Homo-
geneous, continuous horizontally even soil layers are intro-
duced with a different thickness for the foundations of the
individual islands to satisfy the continuity of the Pleistocene
clay and sand gravel layers. The generation/dissipation/propa-
gation process of excess pore water pressure, brought about by
the construction of both islands, is discussed together with the
occurrence of the advance in compression of the individual
Pleistocene clay layers. The discussion is focused on the
interactive behavior of the Pleistocene foundations subjected
to the adjacent offshore reclamation. In particular, how the
propagation of the excess pore water pressure generated by the
construction of the 2nd phase island affects the behavior of the
foundation beneath the 1st phase island is investigated. Here,
due attention should be paid to the effect of the decrease in
effective stress associated with the propagating excess pore
water pressure on the subsequent compression of the indivi-
dual Pleistocene clay layers beneath the 1st phase island.
Finally, the adopted numerical procedure is validated by
comparing it with the in situ measured excess pore water
pressure and compression for the individual Pleistocene layers
of the reclaimed foundation beneath the 1st phase island
of KIX.
2. Framework of numerical assessment
2.1. Elasto-viscoplastic model
The elasto-viscoplastic constitutive model used in this paper
was proposed by Sekiguchi (1977). In order to obtain the
stress–strain–time relation relevant to the process of the one-
dimensional consolidation of clay exhibiting creep under
constant effective stress, Sekiguchi and Toriihara (1976)
derived the relation for sustained loading as follows:
v¼ λ
1þ e0
ln
sm
ðsmÞ0
þ D
ﬃﬃﬃﬃﬃﬃﬃ
2J2
p
sm
−
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where v is the volumetric strain, λ is the compression index, eo
is the initial value of the void ratio,
ﬃﬃﬃﬃﬃﬃﬃ
2J2
p
and sm are the
second invariant of shear stress and mean effective stress,
respectively, D and v ̇ are the dilatancy coefﬁcient and the
volumetric strain rate, respectively, and α and v ̇o denote the
secondary compression index and the reference volumetric
strain rate, respectively. ð ﬃﬃﬃﬃﬃﬃﬃ2J2p Þo and (sm)o are the values ofﬃﬃﬃﬃﬃﬃﬃ
2J2
p
and sm at the reference state, respectively. It should be
noted that if no time effect exists, i.e., if α tends to be zero, the
Fig. 1. Plan view of 1st and 2nd phase islands of Kansai International Airport
and location of monitoring points.
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Let the elastic component of ve be expressed in the following
form:
ve ¼ κ
1þ e0
ln
sm
ðsmÞ0
ð2Þ
Here, κ is the compression and swelling index. Subtracting
this elastic volumetric strain ve from v after obtaining the
solution for Eq. (1), viscoplastic potential F is deﬁned as
follows:
F ¼ α ln 1þ v0̇t
α
exp
f
α
  
¼ vp ð3Þ
in which vp is the viscoplastic volumetric strain and f is the
function in terms of the effective stress. f is expressed in the
following form:
f ¼ λ−κ
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Sekiguchi et al. (1982) modiﬁed the original model to a
plane-strain version. The viscoplastic ﬂow rule for the model is
generally expressed as follows:
̇εpij ¼ Λ
∂F
∂s
0
ij
ð5Þ
in which F is the viscoplastic potential and Λ is the propor-
tional constant. A concrete form of the model is shown in
Mimura and Sekiguchi (1986). The resulting constitutive
relations are implemented into the ﬁnite element analysis
procedure through the following incremental form:
fΔs′g ¼ ½CepfΔεg−fΔsRg ð6Þ
where {Δs′} and {Δε} are the associated sets of the effective
stress increments and the strain increments, respectively, and
[Cep] stands for the elasto-viscoplastic coefﬁcient matrix.
The term {sR} represents a set of ‘relaxation stress’, which
increases with time when the strain is held constant. The pore
water ﬂow is assumed to obey isotropic Darcy's law. In
relation to this, it is further assumed that the coefﬁcient of
permeability, k, depends on the void ratio, e, in the following
form:
k¼ k0 exp
e−e0
λk
 
ð7Þ
in which k0 is the initial value of k at e¼e0 and λk is a material
constant governing the rate of change in permeability subjected
to a change in the void ratio. Note that each quadrilateral
element consists of four constant strain triangles, and that the
nodal displacement increments and the element pore water
pressure are taken as the primary unknowns of the problem.
The ﬁnite element equations governing those unknowns are
established on the basis of Biot's formulation (Christian, 1968;
Akai and Tamura, 1976); they are solved numerically using the
semi-band method of Gaussian elimination.3. Foundation model and parameters
3.1. Foundation model
A series of elasto-viscoplastic ﬁnite element analyses is
performed to assess the long-term settlement and the genera-
tion/propagation/dissipation process of excess pore water
pressure for the Pleistocene foundation of the 1st phase island
of KIX considering the effect of the adjacent construction of
the 2nd phase island. Mimura and Jeon (2011) proposed a
representative ground model in which continuous horizontally
even layers with a constant thickness were assumed based
on the boring data at monitoring point 1 of the 1st phase
island. It is conﬁrmed that the adopted numerical procedure
using the concepts of “non-elastic behavior in the quasi-
overconsolidated region” for the Pleistocene clays and “mass
permeability” for the Pleistocene sand gravel layers could
describe the overall behavior of the reclaimed Pleistocene
foundation due to the construction of the 1st phase island of
KIX. In the present study, attention is paid to the interactive
behavior of the reclaimed Pleistocene foundation of the 1st
phase island due to the adjacent construction of the 2nd phase
island. Fig. 1 shows a plan view of both islands of KIX
together with the location of monitoring point 1 for the 1st
phase island and monitoring point 2 for the 2nd phase island,
where the differential settlement of the individual Pleistocene
clay layers and the excess pore water pressure at various
depths, in both clay and sand gravel layers, have been
measured. A series of elasto-viscoplastic ﬁnite element ana-
lyses is carried out along the section shown by A–A′ in Fig. 1.
An acoustic exploration and a geological interpretation of the
boring cores provided the horizontal distribution and the
thickness of the individual Pleistocene layers together with
the capability of permeability for the Pleistocene sand gravel
layers (Kitada et al., 2011a; Inoue et al., 2011). Since the
stratigraphy and the thickness of the individual layers are
different among the foundations of the 1st and 2nd phase
Fig. 2. Schematic cross-section of foundation ground of Kansai International Airport for ﬁnite element analysis.
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tally even layers with constant thickness (Mimura and Jeon,
2011) does not function well when the construction of the 2nd
phase island is taken into account. On the other hand, it costs
us no slight labor to develop a geologically genuine foundation
model that possesses the actual stratigraphy with an inclination
of the base and delicate changes in thickness for the individual
layers because of the lack of sufﬁcient geo-information in
developing the sophisticated subsoil structure model. Hence,
the authors introduce the foundation model, schematically
shown in Fig. 2, considering the increase in thickness of the
individual layers toward the offshore area on the basis of the
representative boring information for both airport islands.
Here, the individual names of the layers, such as Ma and
Ds, the condition of the ground improvement for Ma13 by
sand drains and the assumption of a hydraulic boundary are
exactly the same as those used in the previous research
(Mimura and Jeon, 2011). In particular, the lateral boundary
of the clay layers (A–A′ lines) in Fig. 2 is assumed to be
undrained, while that of the sand gravel layers is assumed to
be fully drained. The bottom boundary is assumed to be
undrained because Ds10 is underlain by Ma3, whose perme-
ability is low enough to be impermeable. As shown in Fig. 2,
the foundation model for the 1st phase island is assumed to
have continuous horizontally even layers with a constant
thickness from monitoring point 1 to the onshore boundary,
and the foundation model for the 2nd phase island is assumed
to have continuous horizontally even layers with a constant
thickness from monitoring point 2 to the offshore boundary.
The depth of the sea is set to be 18 m irrespective of the
location. The foundation model for both islands is simplymodeled by linearly connecting the corresponding layers of the
foundations of the 1st and 2nd phase islands. Note here that the
thickness of the individual layers of the foundations for the 1st
and 2nd phase islands is determined based on the stratigraphy
by the boring data at monitoring point 1 for the 1st phase
island and at monitoring point 2 for the 2nd phase island. The
proposed foundation model is divided into a ﬁnite element
mesh consisting of 8580 nodal points and 8378 elements.
The construction sequence is shown in Fig. 3 along with the
process for increasing applied stress due to the reclamation for
the two airport ﬁlls. Fig. 4 shows the reclaimed stress
measured at the monitoring points of both islands. The
prescribed ﬁnal overburden, due to the airport ﬁll construction,
amounts to about 430 kPa for the 1st phase island and about
530 kPa for the 2nd phase island. The 2nd phase reclamation
was started about 13 years after the 1st reclamation.
3.2. Soil parameters
The alternating deposits of KIX formed due to the sedi-
mentation of clayey soils during the transgression from sandy
to gravelly soils during the regression on the sinking base of
Osaka Bay. The thickness of the individual Pleistocene clay
layers generally increases toward the offshore area and is
caused by the more preferable environment of the sufﬁcient
depth of the sea in the ofﬁng. On the other hand, it is true that
the Pleistocene sand gravel layers naturally tend to decrease in
thickness toward the offshore area, but that the mode of their
distribution varies depending upon the topographical charac-
teristics, such as the location of old river channels, the
existence of ridges and trenches, old river scales, etc. (Kitada
Fig. 3. (a) Schematic cross-section of airport ﬁll and construction sequence for 1st phase island. (b) Schematic cross-section of airport ﬁll and construction sequence
for 2nd phase island.
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properties vary with the places that have undergone different
sedimentary environmental changes. In the present study, as
shown in Fig. 2, the area for analysis is divided into 2 blocks,
namely, one from the offshore boundary to monitoring point 2
of the 2nd phase island and the other from the onshore
boundary to monitoring point 1 of the 1st phase island.
Following the geometrical separation, the representative soil
parameters for the two blocks are adopted on the basis
of laboratory experimental results for the Pleistocene claysobtained from the corresponding blocks. However, the iden-
tical values that were adopted in the previous study (Mimura
and Jeon, 2011) are introduced for the equivalent coefﬁcient of
permeability evaluated on the basis of the concept of “mass
permeability” for the individual Pleistocene sand gravel layers
irrespective of the blocks.
The Pleistocene clays in Osaka Bay exhibit slight over-
consolidation due to the effect of diagenesis, such as the aging
effect and/or the development of cementation among the clay
particles. In the present analysis, the Pleistocene clay layers are
Fig. 4. Reclaimed stress with time for 1st and 2nd phase reclamations.
Fig. 5. Distribution of preconsolidation pressure (pc) with
Fig. 6. Setup overconsolidation ratio (OCR) for Pleistoce
M. Mimura, B.G. Jeon / Soils and Foundations 53 (2013) 375–394380assumed to be lightly overconsolidated, and the values for
OCR are assumed to be about 1.2–1.6 for the foundation of the
1st reclaimed island and about 1.15–1.5 for the foundation of
the 2nd reclaimed island based on the results of conventional
step loading consolidation tests. Scattering data have been
convergent to the realistic values that were reported in the
research for the Pleistocene clays in this region (Research
Committee on Ground in Osaka Bay, 2002). Fig. 5 shows the
distribution of pc with depth in the Pleistocene clay deposits
for the foundations of both islands at KIX. According to the
report by Akai and Sano (1981), the values of pc−p0 are almost
constant for the upper to middle Pleistocene clays. Based
on the facts, the mean values for the scattered data of thedepth for foundations of 1st and 2nd phase islands.
ne clay at foundations of 1st and 2nd phase islands.
Table 1
Equivalent coefﬁcient of permeability for Pleisto-
cene sand gravel layers (Mimura and Jeon, 2011).
Name of layers ko (m/day)
Ds1 2.16E+01
Ds2 1.30E+00
Ds3 1.08E+01
Ds4 3.89E+00
Ds5 3.89E+00
Ds6 2.59E-01
Ds7 8.64E-02
Ds8 2.16E+00
Ds9 2.16E+00
Ds10 6.92E+00
M. Mimura, B.G. Jeon / Soils and Foundations 53 (2013) 375–394 381consolidation yield stress are selected as the representative
values of pc, as shown by the solid line in Fig. 5. Although the
initial vertical effective stress p0 values for the soil parameters
of the two groups are different because of the difference in
foundation thickness between the two islands, the values of
pc−p0 show almost constant distribution with depth for the
soils in the two groups. Here, the values of OCR are assumed
to be identical for the individual Pleistocene clay layers. The
resultant proﬁle for the OCR of the Pleistocene clay layers is
shown in Fig. 6 for the soils in both groups. The values for
OCR decrease with depth, showing the largest value at the top
of the Pleistocene clay and the smallest value at the bottom.
The Pleistocene sand gravel layers, which are expressed by Ds,
are also assumed to be linear elastic material. The values for
the “equivalent coefﬁcient of permeability”, introduced on the
basis of the concept of “mass permeability” by Mimura and
Jeon (2011), are identically used for the individual Pleistocene
sand gravel layers also in the present study and summarized in
Table 1.
The parameters for the Pleistocene clay layers for the
constitutive model are rationally determined based on the
prescribed determination methods (Mimura et al., 1990;
Mimura and Jang, 2004). The determination of the principal
soil parameters for the present ﬁnite element analysis with the
proposed procedure is explained as follows.
Compression index λ in the normally consolidated region
and recompression index κ are deﬁned as λ=0.434Cc and
κ=0.434Cs respectively. Here, Cc and Cs are compression and
recompression indices, respectively, in terms of the common
logarithms of consolidation pressure, which can be derived by
conventional oedometer tests. It is assumed that Cs is one-tenth
of Cc in the present study. As is reported in Mimura and Jang
(2004) and Mimura and Jeon (2011), non-elastic deformation
is assumed to take place even in the region less than pc for
the Pleistocene clays in Osaka Bay. Then, compression index
λQOC and recompression index κQOC in the quasi-
overconsolidation region are introduced. The concept and the
procedure for determining these parameters have already been
explained in Mimura and Jang (2004) and Mimura and Jeon
(2011). The stress ratio at the critical state is deﬁned as M,
which is constant irrespective of the stress state.Secondary compression index αNC, governing the time-
dependent behavior, is determined in the NC region using
the relationship Cαe¼0.05Cc for Osaka Pleistocene clays (Ishii
et al., 1984). Here, Cαe denotes the secondary compression
index in terms of the void ratio. A similar relation between Cαe
and Cc was reported by Marques et al. (2004). The value for
αNC can then be determined as follows:
αNC ¼ 0:434
Cαe
1þ e0
It is assumed that αQOC at p0 is one-tenth of the prescribed
value in the NC region based on the fact that the adopted ratio
of Cs and Cc is 0.1 in this particular case. It is set up that α
increases gradually with the relative yield stress index in the
quasi-overconsolidated region, and thereafter, remains constant
irrespective of the stress level in the NC region, as has already
been introduced in Mimura and Jang (2004) and Mimura and
Jeon (2011). The rate of consolidation is another signiﬁcant
factor to control the process of deformation. The ratio of
secondary compression index α to reference volumetric strain
rate v ̇o(α=vȯ) means characteristic time related to the comple-
tion of the primary consolidation. Characteristic time tc in the
constitutive model is closely related to coefﬁcient of consoli-
dation cv. The value for tc is determined for both the quasi-
overconsolidated region and the NC region as the dissipation
time of excess pore water pressure, which is calculated using cv
in the NC region obtained from conventional oedometer tests.
The same procedure is adopted as in Mimura and Jang (2004)
and Mimura and Jeon (2011), namely, reference volumetric
strain rate v ̇o becomes a constant maximum value in the NC
region, while quasi-overconsolidated region v ̇o decreases with
a decrease in the relative yield stress index and, at p¼p0, the
value becomes one-tenth of that in the NC region. The values
for the principal soil parameters of both groups for the
Pleistocene clay layers are summarized in Tables 2 and 3.
The 1st soil parameter for the analysis in Table 2 is exactly the
same as that used by Mimura and Jeon (2011).
4. Results and discussions
4.1. Performance of excess pore water pressure
The calculated distribution of excess pore water pressure is
shown in Fig. 7. As shown in Fig. 7(a), at the completion of
the 1st reclamation (5 years from the start of the reclamation),
only a small amount of excess pore water pressure remains in
the Holocene clay layer, Ma13, because of the effect of sand
drains. In contrast, a large amount of excess pore water
pressure remains not only in the clay layers, but also in the
permeable sand gravel layers of the Pleistocene deposits. In
particular, more than 200 kPa of excess pore water pressure
stays in the middle Pleistocene clay layers, Ma10 and Ma9, as
well as in the sand gravel layers, Ds6 and Ds7. The excess
pore water pressure is found to be distributed with an inclined
shape at the foundation between both islands reﬂecting
the assumed model geometry. Although the elevation of the
corresponding layers is different on the offshore side and the
Table 2
Principal soil parameters for foundation of 1st phase island of Kansai International Airport (Mimura and Jeon, 2011).
MTYP Quasi-OC region NC region M v' K0 p0 (kPa) pc (kPa) e0 k0 (m/day) λk Name of layers
λQOC κQOC αQOC v0̇ QOC (day
−1) λ κ αNC v0̇ NC (day
−1)
1 0.0509 0.0051 6.06E−04 6.06E−07 0.5093 0.0509 6.06E−03 6.06E−06 1.40 0.35 0.540 4.0 19.1 3.20 8.64E−04 0.509 Ma13U-1
2 0.0532 0.0053 6.65E−04 6.65E−07 0.5321 0.0532 6.65E−03 6.65E−06 1.40 0.35 0.540 12.3 25.3 3.00 8.64E−04 0.532 Ma13U-2
3 0.0532 0.0053 6.99E−04 6.99E−07 0.5316 0.0532 6.99E−03 6.99E−06 1.40 0.35 0.540 20.8 31.6 2.80 8.64E−04 0.532 Ma13U-3
4 0.0518 0.0052 7.09E−04 7.09E−07 0.5178 0.0518 7.09E−03 7.09E−06 1.40 0.35 0.540 29.6 39.2 2.65 8.64E−04 0.518 Ma13U-4
5 0.0493 0.0049 7.14E−04 7.14E−07 0.4927 0.0493 7.14E−03 7.14E−06 1.40 0.35 0.540 38.9 47.9 2.45 8.64E−04 0.493 Ma13U-5
6 0.0510 0.0051 7.61E−04 7.61E−07 0.5097 0.0510 7.61E−03 7.61E−06 1.40 0.35 0.540 48.7 57.6 2.35 8.64E−04 0.510 Ma13U-6
7 0.0418 0.0042 6.86E−04 6.86E−07 0.4184 0.0418 6.86E−03 6.86E−06 1.40 0.35 0.540 57.7 66.9 2.05 8.64E−04 0.418 Ma13L-1
8 0.0489 0.0049 8.02E−04 8.02E−07 0.4889 0.0489 8.02E−03 8.02E−06 1.40 0.35 0.540 65.9 80.5 2.05 8.64E−04 0.489 Ma13L-2
9 0.0405 0.0040 6.98E−04 6.98E−07 0.4046 0.0405 6.98E−03 6.98E−06 1.40 0.35 0.540 76.2 91.7 1.90 8.64E−04 0.405 Ma13L-3
10 0.0239 0.0024 5.53E−04 4.12E−07 0.2392 0.0239 5.53E−03 4.12E−06 1.10 0.38 0.607 156.8 250.9 1.16 1.73E−04 0.239 Dtc-1
11 0.0218 0.0022 5.04E−04 3.76E−07 0.2182 0.0218 5.04E−03 3.76E−06 1.10 0.38 0.607 167.9 268.7 1.16 2.07E−04 0.218 Dtc-2
12 0.0341 0.0034 6.69E−04 4.99E−07 0.3406 0.0341 6.69E−03 4.99E−06 1.10 0.38 0.607 178.4 285.5 1.55 1.81E−04 0.341 Dtc-3
13 0.0684 0.0068 1.07E−03 1.75E−07 0.6840 0.0684 1.07E−02 1.75E−06 1.30 0.36 0.561 198.3 297.5 2.21 1.90E−04 0.684 Ma12U-1
14 0.0691 0.0069 1.11E−03 1.83E−07 0.6907 0.0691 1.11E−02 1.83E−06 1.30 0.36 0.561 208.3 312.5 2.10 1.47E−04 0.691 Ma12U-2
15 0.0600 0.0060 1.02E−03 1.68E−07 0.5997 0.0600 1.02E−02 1.68E−06 1.30 0.36 0.561 218.9 328.4 1.94 9.07E−05 0.600 Ma12U-3
16 0.0613 0.0061 1.11E−03 1.83E−07 0.6129 0.0613 1.11E−02 1.83E−06 1.30 0.36 0.561 230.3 345.4 1.76 9.50E−05 0.613 Ma12U-4
17 0.0499 0.0050 9.63E−04 1.58E−07 0.4985 0.0499 9.63E−03 1.58E−06 1.25 0.36 0.572 239.8 359.6 1.59 5.62E−05 0.499 Ma12L-1
18 0.0511 0.0051 9.87E−04 1.62E−07 0.5106 0.0511 9.87E−03 1.62E−06 1.25 0.36 0.572 246.9 370.4 1.59 5.62E−05 0.511 Ma12L-2
19 0.0523 0.0052 1.01E−03 1.66E−07 0.5227 0.0523 1.01E−02 1.66E−06 1.25 0.36 0.572 254.1 381.1 1.59 5.62E−05 0.523 Ma12L-3
20 0.0438 0.0044 8.90E−04 9.51E−07 0.4376 0.0438 8.90E−03 9.51E−06 1.20 0.37 0.583 315.4 425.8 1.46 9.50E−05 0.438 Ma11U-1
21 0.0460 0.0046 9.16E−04 9.79E−07 0.4605 0.0460 9.16E−03 9.79E−06 1.20 0.37 0.583 326.6 440.9 1.51 9.07E−05 0.460 Ma11U-2
22 0.0306 0.0031 6.80E−04 7.27E−07 0.3063 0.0306 6.80E−03 7.27E−06 1.20 0.37 0.583 340.0 459.0 1.25 7.08E-05 0.306 Ma11U-3
23 0.0102 0.0010 2.57E−04 2.75E−07 0.1024 0.0102 2.57E−03 2.75E−06 1.20 0.37 0.583 353.6 477.3 0.99 5.27E−05 0.102 Ma11U-4
24 0.0610 0.0061 1.20E−03 5.65E−06 0.6095 0.0610 1.20E−02 5.65E−05 1.25 0.36 0.572 412.3 556.6 1.54 5.88E−05 0.610 Ma11L-1
25 0.0311 0.0031 6.67E−04 3.15E−06 0.3105 0.0311 6.67E−03 3.15E−05 1.25 0.36 0.572 418.8 565.4 1.33 6.05E−05 0.311 Ma11L-2
26 0.0451 0.0045 9.83E−04 4.64E−06 0.4507 0.0451 9.83E−03 4.64E−05 1.25 0.36 0.572 425.8 574.8 1.29 6.48E−05 0.451 Ma11L-3
27 0.0393 0.0039 9.14E−04 2.55E−07 0.3935 0.0393 9.14E−03 2.55E−06 1.25 0.36 0.572 489.9 612.4 1.15 3.80E−05 0.393 Ma10-1
28 0.0518 0.0052 1.06E−03 2.97E−07 0.5177 0.0518 1.06E−02 2.97E−06 1.25 0.36 0.572 508.3 635.3 1.44 4.49E−05 0.518 Ma10-2
29 0.0578 0.0058 1.14E−03 3.17E−07 0.5779 0.0578 1.14E−02 3.17E−06 1.25 0.36 0.572 521.3 651.6 1.54 7.60E−05 0.578 Ma10-3
30 0.0754 0.0075 1.35E−03 3.76E−07 0.7538 0.0754 1.35E−02 3.76E−06 1.25 0.36 0.572 533.1 666.3 1.80 6.13E−05 0.754 Ma10-4
31 0.0786 0.0079 1.42E−03 3.97E−07 0.7859 0.0786 1.42E−02 3.97E−06 1.25 0.36 0.572 544.6 680.7 1.76 5.23E−05 0.786 Ma10-5
32 0.0562 0.0056 1.17E−03 3.27E−07 0.5621 0.0562 1.17E−02 3.27E−06 1.25 0.36 0.572 557.1 696.4 1.40 5.18E−05 0.562 Ma10-6
33 0.0563 0.0056 1.17E−03 3.18E−07 0.5625 0.0563 1.17E−02 3.18E−06 1.25 0.36 0.572 611.4 764.2 1.40 9.50E−05 0.563 Ma9-1
34 0.0638 0.0064 1.28E−03 3.48E−07 0.6383 0.0638 1.28E−02 3.48E−06 1.25 0.36 0.572 627.7 784.6 1.49 9.07E−05 0.638 Ma9-2
35 0.0722 0.0072 1.40E−03 3.79E−07 0.7216 0.0722 1.40E−02 3.79E−06 1.25 0.36 0.572 643.4 804.2 1.58 9.50E−05 0.722 Ma9-3
36 0.0765 0.0076 1.48E−03 4.02E−07 0.7646 0.0765 1.48E−02 4.02E−06 1.25 0.36 0.572 658.9 823.7 1.58 9.07E−05 0.765 Ma9-4
37 0.0659 0.0066 1.37E−03 3.71E−07 0.6591 0.0659 1.37E−02 3.71E−06 1.25 0.36 0.572 675.1 843.9 1.41 7.34E−05 0.659 Ma9-5
38 0.0512 0.0051 1.13E−03 3.07E−07 0.5125 0.0512 1.13E−02 3.07E−06 1.25 0.36 0.572 690.5 863.2 1.27 6.91E−05 0.512 Ma9-6
39 0.1590 0.0159 2.24E−03 1.58E−06 1.5904 0.1590 2.24E−02 1.58E−05 1.25 0.36 0.572 733.6 880.4 2.55 2.85E−05 1.590 Doc5&Ma8-1
40 0.0541 0.0054 1.11E−03 7.86E−07 0.5407 0.0541 1.11E−02 7.86E−06 1.25 0.36 0.572 750.3 900.3 1.43 7.78E−05 0.541 Doc5&Ma8-2
41 0.0368 0.0037 8.81E−04 6.23E−07 0.3678 0.0368 8.81E−03 6.23E−06 1.25 0.36 0.572 775.0 930.0 1.09 1.30E−05 0.368 Doc5&Ma8-3
42 0.0408 0.0041 9.41E−04 1.36E−06 0.4077 0.0408 9.41E−03 1.36E−05 1.25 0.36 0.572 828.3 994.0 1.17 1.30E−05 0.408 Ma7-1
43 0.0584 0.0058 1.16E−03 1.67E−06 0.5840 0.0584 1.16E−02 1.67E−05 1.25 0.36 0.572 845.5 1014.6 1.52 2.42E−05 0.584 Ma7-2
44 0.0343 0.0034 8.42E−04 1.22E−06 0.3430 0.0343 8.42E−03 1.22E−05 1.25 0.36 0.572 861.3 1033.6 1.04 3.02E−05 0.343 Ma7-3
45 0.0442 0.0044 9.91E−04 1.25E−06 0.4415 0.0442 9.91E−03 1.25E−05 1.25 0.36 0.572 961.4 1153.7 1.23 3.54E−05 0.442 Ma6-1
46 0.0387 0.0039 8.99E−04 1.13E−06 0.3869 0.0387 8.99E−03 1.13E−05 1.25 0.36 0.572 979.4 1175.3 1.15 4.49E−05 0.387 Ma6-2
47 0.0663 0.0066 1.49E−03 1.87E−06 0.6633 0.0663 1.49E−02 1.87E−05 1.25 0.36 0.572 997.4 1196.9 1.23 2.59E−05 0.663 Ma6-3
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Table 3
Principal soil parameters for foundation of 2nd phase island of Kansai International Airport.
MTYP Quasi-OC region NC region M v′ K0 p0 (kPa) pc (kPa) e0 k0 (m/day) λk Name of layers
λQOC κQOC αQOC v0̇ QOC (day
−1) λ κ αNC v0̇ NC (day
−1)
1 0.0447 0.0045 5.20E−04 5.20E−07 0.4474 0.0447 5.20E−03 5.20E−06 1.40 0.35 0.540 4.9 8.2 3.30 8.64E−04 0.447 Ma13U-1
2 0.0486 0.0049 6.07E−04 6.07E−07 0.4858 0.0486 6.07E−03 6.07E−06 1.40 0.35 0.540 15.4 20.9 3.00 8.64E−04 0.486 Ma13U-2
3 0.0483 0.0048 6.52E−04 6.52E−07 0.4826 0.0483 6.52E−03 6.52E−06 1.40 0.35 0.540 26.8 33.6 2.70 8.64E−04 0.483 Ma13U-3
4 0.0492 0.0049 6.93E−04 6.93E−07 0.4924 0.0492 6.93E−03 6.93E−06 1.40 0.35 0.540 38.7 48.8 2.55 8.64E−04 0.492 Ma13U-4
5 0.0492 0.0049 7.23E−04 7.23E−07 0.4917 0.0492 7.23E−03 7.23E−06 1.40 0.35 0.540 51.1 60.7 2.40 8.64E−04 0.492 Ma13U-5
6 0.0465 0.0046 7.26E−04 7.26E−07 0.4649 0.0465 7.26E−03 7.26E−06 1.40 0.35 0.540 64.2 73.7 2.20 8.64E−04 0.465 Ma13U-6
7 0.0425 0.0042 7.20E−04 7.20E−07 0.4248 0.0425 7.20E−03 7.20E−06 1.40 0.35 0.540 76.4 86.1 1.95 8.64E−04 0.425 Ma13L-1
8 0.0432 0.0043 7.38E−04 7.38E−07 0.4325 0.0432 7.38E−03 7.38E−06 1.40 0.35 0.540 87.5 97.0 1.93 8.64E−04 0.432 Ma13L-2
9 0.0323 0.0032 6.46E−04 6.46E−07 0.3231 0.0323 6.46E−03 6.46E−06 1.40 0.35 0.540 102.2 117.0 1.50 8.64E−04 0.323 Ma13L-3
10 0.0273 0.0027 6.15E−04 2.37E−07 0.2730 0.0273 6.15E−03 2.37E−06 1.10 0.38 0.607 208.5 312.7 1.22 1.73E−04 0.273 Dtc-1
11 0.0376 0.0038 7.83E−04 3.01E−07 0.3760 0.0376 7.83E−03 3.01E−06 1.10 0.38 0.607 222.2 333.3 1.40 2.07E−04 0.376 Dtc-2
12 0.0278 0.0028 6.27E−04 2.41E−07 0.2780 0.0278 6.27E−03 2.41E−06 1.10 0.38 0.607 236.3 354.4 1.22 1.81E−04 0.278 Dtc-3
13 0.0745 0.0075 1.15E−03 9.92E−08 0.7453 0.0745 1.15E−02 9.92E−07 1.30 0.36 0.561 272.1 380.9 2.24 1.90E−04 0.745 Ma12U-1
14 0.0625 0.0062 1.04E−03 8.96E−08 0.6246 0.0625 1.04E−02 8.96E−07 1.30 0.36 0.561 292.3 409.2 2.01 1.47E−04 0.625 Ma12U-2
15 0.0645 0.0064 1.11E−03 9.61E−08 0.6446 0.0645 1.11E−02 9.61E−07 1.30 0.36 0.561 313.5 438.9 1.89 9.07E−05 0.645 Ma12U-3
16 0.0597 0.0060 1.10E−03 9.45E−08 0.5966 0.0597 1.10E−02 9.45E−07 1.30 0.36 0.561 336.3 470.8 1.72 9.50E−05 0.597 Ma12U-4
17 0.0327 0.0033 6.93E−04 5.97E−08 0.3275 0.0327 6.93E−03 5.97E−07 1.25 0.36 0.572 355.5 497.7 1.36 7.34E−05 0.327 Ma12L-1
18 0.0368 0.0037 7.95E−04 6.86E−08 0.3683 0.0368 7.95E−03 6.86E−07 1.25 0.36 0.572 370.2 518.2 1.32 5.62E−05 0.368 Ma12L-2
19 0.0220 0.0022 5.23E−04 4.51E−08 0.2205 0.0220 5.23E−03 4.51E−07 1.25 0.36 0.572 384.9 538.9 1.11 4.49E−05 0.220 Ma12L-3
20 0.0431 0.0043 8.74E−04 3.25E−07 0.4307 0.0431 8.74E−03 3.25E−06 1.20 0.37 0.583 411.6 555.7 1.46 9.50E−05 0.431 Ma11U-1
21 0.0487 0.0049 9.79E−04 3.64E−07 0.4865 0.0487 9.79E−03 3.64E−06 1.20 0.37 0.583 431.7 582.8 1.49 9.07E−05 0.487 Ma11U-2
22 0.0321 0.0032 7.40E−04 2.75E−07 0.3209 0.0321 7.40E−03 2.75E−06 1.20 0.37 0.583 455.7 615.2 1.17 7.08E−05 0.321 Ma11U-3
23 0.0128 0.0013 3.73E−04 1.39E−07 0.1275 0.0128 3.73E−03 1.39E−06 1.20 0.37 0.583 480.0 648.1 0.71 5.27E−05 0.128 Ma11U-4
24 0.0631 0.0063 1.26E−03 4.80E−06 0.6309 0.0631 1.26E−02 4.80E−05 1.25 0.36 0.572 549.3 741.5 1.51 5.88E−05 0.631 Ma11L-1
25 0.0551 0.0055 1.13E−03 4.31E−06 0.5510 0.0551 1.13E−02 4.31E−05 1.25 0.36 0.572 558.1 753.5 1.44 6.05E−05 0.551 Ma11L-2
26 0.0412 0.0041 9.55E−04 3.65E−06 0.4119 0.0412 9.55E−03 3.65E−05 1.25 0.36 0.572 567.9 766.6 1.16 6.48E−05 0.412 Ma11L-3
27 0.0348 0.0035 8.31E−04 8.23E−08 0.3482 0.0348 8.31E−03 8.23E−07 1.25 0.36 0.572 627.0 815.2 1.09 3.80E−05 0.348 Ma10-1
28 0.0508 0.0051 1.11E−03 1.10E−07 0.5084 0.0508 1.11E−02 1.10E−06 1.25 0.36 0.572 660.9 859.1 1.30 4.49E−05 0.508 Ma10-2
29 0.0668 0.0067 1.33E−03 1.32E−07 0.6678 0.0668 1.33E−02 1.32E−06 1.25 0.36 0.572 684.9 890.4 1.51 7.60E−05 0.668 Ma10-3
30 0.0785 0.0078 1.46E−03 1.44E−07 0.7848 0.0785 1.46E−02 1.44E−06 1.25 0.36 0.572 707.2 919.3 1.69 6.13E−05 0.785 Ma10-4
31 0.0740 0.0074 1.49E−03 1.48E−07 0.7399 0.0740 1.49E−02 1.48E−06 1.25 0.36 0.572 729.6 948.5 1.48 5.23E−05 0.740 Ma10-5
32 0.0518 0.0052 1.17E−03 1.16E−07 0.5184 0.0518 1.17E−02 1.16E−06 1.25 0.36 0.572 754.2 980.4 1.22 5.18E−05 0.518 Ma10-6
33 0.0446 0.0045 9.94E−04 1.10E−07 0.4460 0.0446 9.94E−03 1.10E−06 1.25 0.36 0.572 782.1 977.6 1.24 9.50E−05 0.446 Ma9-1
34 0.0499 0.0050 1.06E−03 1.17E−07 0.4986 0.0499 1.06E−02 1.17E−06 1.25 0.36 0.572 809.9 1012.3 1.35 9.07E−05 0.499 Ma9-2
35 0.0544 0.0054 1.12E−03 1.23E−07 0.5443 0.0544 1.12E−02 1.23E−06 1.25 0.36 0.572 836.4 1045.5 1.44 9.50E−05 0.544 Ma9-3
36 0.0552 0.0055 1.12E−03 1.24E−07 0.5520 0.0552 1.12E-02 1.24E−06 1.25 0.36 0.572 862.4 1078.0 1.46 9.07E−05 0.552 Ma9-4
37 0.0484 0.0048 1.04E−03 1.15E−07 0.4843 0.0484 1.04E−02 1.15E−06 1.25 0.36 0.572 889.3 1111.6 1.32 7.34E−05 0.484 Ma9-5
38 0.0393 0.0039 9.19E−04 1.01E−07 0.3926 0.0393 9.19E−03 1.01E−06 1.25 0.36 0.572 915.2 1144.1 1.14 6.91E−05 0.393 Ma9-6
39 0.0428 0.0043 9.69E−04 4.21E−07 0.4279 0.0428 9.69E−03 4.21E−06 1.25 0.36 0.572 941.9 1130.3 1.21 2.85E−05 0.428 Doc5&Ma8-1
40 0.0659 0.0066 1.23E−03 5.36E−07 0.6586 0.0659 1.23E−02 5.36E-06 1.25 0.36 0.572 967.3 1160.7 1.67 7.78E−05 0.659 Doc5&Ma8-2
41 0.0586 0.0059 1.19E−03 5.16E−07 0.5863 0.0586 1.19E−02 5.16E−06 1.25 0.36 0.572 996.5 1195.8 1.47 1.30E−05 0.586 Doc5&Ma8-3
42 0.0405 0.0041 9.65E−04 2.28E−07 0.4051 0.0405 9.65E−03 2.28E−06 1.25 0.36 0.572 1043.4 1252.1 1.10 1.30E−05 0.405 Ma7-1
43 0.0423 0.0042 9.89E−04 2.34E−07 0.4232 0.0423 9.89E−03 2.34E−06 1.25 0.36 0.572 1077.2 1292.7 1.14 2.42E−05 0.423 Ma7-2
44 0.0585 0.0058 1.18E−03 2.79E−07 0.5847 0.0585 1.18E−02 2.79E−06 1.25 0.36 0.572 1105.0 1326.0 1.48 3.02E−05 0.585 Ma7-3
45 0.0461 0.0046 1.08E−03 1.63E−07 0.4608 0.0461 1.08E−02 1.63E−06 1.25 0.36 0.572 1147.6 1319.7 1.13 3.54E−05 0.461 Ma6-1
46 0.0617 0.0062 1.29E−03 1.95E−07 0.6173 0.0617 1.29E−02 1.95E−06 1.25 0.36 0.572 1198.5 1378.3 1.39 4.49E−05 0.617 Ma6-2
47 0.0434 0.0043 1.04E−03 1.57E−07 0.4340 0.0434 1.04E−02 1.57E−06 1.25 0.36 0.572 1250.3 1437.8 1.08 2.59E−05 0.434 Ma6-3
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layers is distributed reasonably on both sides of the 1st phase
island. It is true that the mode of the propagation of excess
pore water pressure is qualitatively the same as that for the
continuous horizontally even model foundation, shown by
Mimura and Jeon (2011), but that a detailed investigation
provides the fact that less propagation takes place toward the
offshore side compared to the onshore side. The present
foundation model on the side of the 2nd phase island was
developed following the stratigraphy from the boring informa-
tion for monitoring point 2 on the 2nd phase island, whereas
the continuous horizontally even model (Mimura and Jeon,
2011; Jeon and Mimura, 2011) was developed simply based on
the information for monitoring point 1 on the 1st phase island.
According to the boring information for monitoring point 2,
the thickness of the Pleistocene sand gravel layers beneath
the 2nd phase island decreases and is small. This reduction in
thickness of the permeable Pleistocene sand gravel layers
obstructs the smooth propagation of excess pore water pressure
toward the offshore area. Hence, the excess pore water
pressure is propagated more toward the onshore side compared
to the direction of the 2nd phase island. Here, due attention
should be paid to the fact that a slight propagation of excess
pore water pressure takes place in Ds6 and Ds7. This is
because the very low permeability of these sand gravel layers
functions to obstruct sufﬁcient propagation of excess pore
water pressure. On the contrary, remarkable propagation of
excess pore water pressure occurs in the upper and lower
Pleistocene deposits where the permeability of the sand gravel
layers in this region is better than that in Ds6 and Ds7. It is
seen that almost full dissipation is achieved without signiﬁcant
propagation of excess pore water pressure in either Ds1 or
Ds10, which have sufﬁcient thickness and permeability. From
these results, the performance of excess pore water pressure in
the Pleistocene sand gravel layers of the KIX foundations is
strongly dependent upon their mass permeability. It is very
important to note that hardly any propagation of excess pore
water pressure occurs in either the highly permeable sand
gravel layers, due to full dissipation, or the poorly permeable
sand gravel layers, due to the difﬁculty of propagation.
Remarkable propagation is found to occur through the
Pleistocene sand gravel layers having ordinary coefﬁcients of
permeability, such as Ds3, 5 and 9, in the foundation of KIX.
With the lapse of time, the excess pore water pressure in the
upper and lower Pleistocene clay layers, such as Dtc, Ma12,
11, 7 and 6, monotonically dissipates, whereas the excess pore
water pressure in the middle Pleistocene layers remains
unchanged (see Fig. 7(b)). As was explained in the previous
section, low values are set for the coefﬁcient of permeability
for Ds6 and 7 because they are thin, poorly continuous and
rich in ﬁne contents. This low permeability of Ds6 and 7
causes the remarkable undissipated excess pore water pressure
in these layers. It is noteworthy in Fig. 7(b) that the excess
pore water pressure in these layers is found not to dissipate
even before the construction of the 2nd phase island (13 years
after the start of the reclamation) and that a remarkable
decrease in effective stress takes place in the foundation belowthe 2nd reclaimed island where there is no reclamation load at
the time. This clearly means that the primary consolidation, in
terms of the process of excess pore water pressure dissipation,
is not completed in the Pleistocene deposits beneath the 1st
phase island before the construction of the 2nd phase island.
Fig. 7(c) shows the distribution of excess pore water pressure at
the completion of the 2nd reclamation (19 years after the start of
the 1st reclamation). It is natural that a large amount of excess pore
water pressure has been generated in the Pleistocene foundation
beneath the 2nd phase island due to the construction of the 2nd
phase island. The calculated excess pore water pressure generated
in the upper and lower Pleistocene layers amounts to 300 kPa,
while the calculated excess pore water pressure generated in the
middle Pleistocene layers, such as Ma10, 9 and Ds6 and 7,
becomes almost equivalent to the reclamation load of 530 kPa.
As the middle Pleistocene sand gravel layers, Ds6 and 7, lack the
capability for permeability and a decrease in thickness beneath
the 2nd phase island, the generated excess pore water pressure in
the middle Pleistocene foundation beneath the 2nd phase island is
not well propagated to the foundation beneath the 1st phase island.
By comparing the excess pore water pressure remaining in the
foundation beneath the 1st phase island (Fig. 7(b) and (c)), it is
found that the excess pore water pressure in the middle Pleistocene
layers beneath the 1st phase island is slightly dissipated during this
period with little propagation of excess pore water pressure,
although we had the effective event of the “construction of the
2nd phase island”. In contrast, the generated excess pore water
pressure due to the construction of the 2nd phase island in the
upper and lower Pleistocene foundation of the 2nd phase island is
remarkably propagated to the one beneath the 1st phase island. The
mode of propagation could likewise be explained using the concept
of “mass permeability” of the Pleistocene sand gravel layers.
A detailed investigation from Fig. 7(b) and (c) provides the
following quantitative change in excess pore water pressure in
the Pleistocene foundation beneath the 1st phase island. The excess
pore water pressure in upper Pleistocene clay layer Ma11 and
lower Pleistocene clay layer Ma6 beneath the 1st phase island
increases from 80 kPa to 140 kPa and 80 kPa to 100 kPa,
respectively. The increase in excess pore water pressure is caused
by the propagation of excess pore water pressure generated in the
foundation beneath the 2nd phase island through the adjoining
Pleistocene sand gravel layers with ordinary permeability. On the
other hand, the excess pore water pressure in middle Pleistocene
clay layer Ma 9 is almost stable or slightly decreases from 280 kPa
to 260 kPa during the same period. This means that the generated
excess pore water pressure in this region is not so well propagated
through the adjoining Pleistocene sand gravel layers because of
their poor permeability and tendency to dissipate slowly toward the
onshore side. Hardly any excess pore water pressure is propagated
through Ds1 and 10 because of their sufﬁcient function as
permeable layers. As far as the rate and the mode of excess pore
water pressure propagation and dissipation in the Pleistocene
deposits of KIX are concerned, the mass permeability of the
Pleistocene sand gravel layers plays a signiﬁcant role.
It is noteworthy that more than 200 kPa of excess pore water
pressure in the middle Pleistocene layers beneath the 1st and
2nd phase islands, and more than 100 kPa of excess pore water
Fig. 7. Contours of calculated distribution of excess pore water pressure. (a) After 5 years (completion of the 1st reclamation), (b) after 13 years (before the
construction of the 2nd phase island), (c) after 19 years (completion of the 2nd reclamation) and (d) after 50 years from the construction.
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island, still remain undissipated even 50 years after the start of
the reclamation (Fig. 7(d)). This signiﬁes that the primaryconsolidation, in terms of the process of excess pore water
pressure dissipation, is not completed in the Pleistocene
deposits for a very long time.
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with depth at monitoring point 1 of the 1st phase island (see
Figs. 1 and 2) is shown in Fig. 8 together with the measured
results. The calculated values are compared with the measured
ones at three different times. Here, the solid line and ■, the thin
solid line and and the chain dotted line and Δ are the
calculated and measured results at the completion of the 1st
phase reclamation, before the construction of the 2nd phase
island and at the completion of the 2nd phase reclamation,
respectively, while the dotted line is only the calculated
performance 50 years from the start of the construction. At
the completion of the 1st phase reclamation, because the upper
Pleistocene clays, such as Ma12 and 11, have undergone
plastic yielding due to reclaimed load, a large amount of
excess pore water pressure is generated. Then, it dissipates
steadily until the construction of the 2nd phase island because
of the high permeability of sand gravel layers Ds1 and 3 above
and below Ma12. On the other hand, the mode of excess pore
water pressure in the middle Pleistocene layers is different.
Due to the poor quality of the mass permeability of sand gravel
layers Ds6 and 7, Ma10, 9 and Doc5&Ma8 behave as if they
were one continuous clay layer. Here, Ds6 and 7 do not seem
to function as permeable layers at all. The rate of excess pore
water pressure dissipation is very low in those layers, which
results in a large amount of undissipated excess pore water
pressure remaining in the middle Pleistocene layers for a long
time. The calculated performance provides that even after
50 years, more than 200 kPa of excess pore water pressureFig. 8. Comparison of calculated and measured excess pore water pressure
distribution with depth at monitoring point 1.remains around Ma9. In the lower Pleistocene layers, such as
Ma7 and 6, the generated excess pore water pressure is not so
large compared to the other layers and dissipates relatively fast
with time because of the high permeability of thick sand gravel
layer Ds10, situated beneath Ma6. At the completion of the
2nd phase reclamation, it is quantitatively found that the excess
pore water pressure is propagated to the foundation beneath the
1st phase island due to the construction of the 2nd phase
island. The excess pore water pressure increased remarkably
due to the adjacent construction of the 2nd phase island in the
upper Pleistocene layers around Ma11, because sand gravel
layers Ds3, 4 and 5 have ordinary permeability as permeable
layers with sufﬁcient thickness for propagation at the time. In
the lower Pleistocene layers around Ma7, the excess pore water
pressure does not increase remarkably because the propagation
of excess pore water pressure from the foundation beneath the
2nd phase island is obstructed due to the decrease in thickness
of Pleistocene sand gravel layers Ds8 and 9 between the 1st
and 2nd phase islands. It is also found that excess pore water
pressure is not remarkably propagated in Dtc, Ma12 or Ma6
because of the sufﬁcient permeability of Ds1, Ds10 and sand
drains in the upper layers. On the other hand, the excess pore
water pressure does not increase in the middle Pleistocene
layers, such as Ma10, 9, Doc5&Ma8 or Ds6 and 7, because
sand gravel layers Ds6 and 7 do not function as well as the
permeable layers. Although the calculated performance at the
completion of the 1st phase reclamation slightly underesti-
mates the measured excess pore water pressure at the layers,
such as Ma12, 9 and 6, the overall mode of distribution can be
described well. In particular, the propagation of excess pore
water pressure at the completion of the 2nd phase reclamation
can be described well. Therefore, the long-term and interactive
behavior of the excess pore water pressure in the Pleistocene
deposits of the existing 1st phase island, due to the adjacent
construction of the 2nd phase island, is found to have been
simulated well with the present analyses.
The calculated excess pore water pressure–time relations are
shown in Fig. 9(a) together with the measured results for the
individual Pleistocene sand gravel layers. Note that a compar-
ison is shown for the Pleistocene sand gravel layers where the
pore pressure cells have survived. It is clear that only a little
excess pore water pressure is generated in Ds1 and 10, whereas
a large amount of excess pore water pressure is generated and
remains undissipated in the middle Pleistocene sand gravel
layers, such as Ds6 and 7. The increase in excess pore water
pressure due to the construction of the 2nd phase island is
found in the upper and lower Pleistocene sand gravel layers,
such as Ds3, 5 and 10. On the other hand, the excess pore
water pressure is not propagated well in the middle Pleistocene
layers, such as Ds6 and 7. The calculated performance can
predict the actual behavior of excess pore water pressure well
in all the Pleistocene sand gravel layers. Fig. 9(b) shows the
calculated occurrence of excess pore water pressure in the
Pleistocene sand gravel layers where they do not have
measured information due to damage to the pressure cells.
The propagation of excess pore water pressure, due to the
construction of the 2nd phase island, is remarkably seen in
Fig. 9. (a) Comparison of measured and calculated excess pore water pressure with time for Pleistocene sand gravel layers. (b) Calculated performance of excess
pore water pressure with time for Pleistocene sand gravel layers. (c) Comparison of measured and calculated excess pore water pressure with time for Pleistocene
clay layers. (d) Calculated performance of excess pore water pressure with time for Pleistocene clay layers.
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slightly propagated through Ds8 and 9 because the decrease in
thickness of these layers beneath the 2nd phase island and at
the junction between the two islands obstructs the propagation
to the foundation beneath the 1st phase island. The excess porewater pressure in Ds2 is dissipated well without remarkable
propagation because of the existence of a highly permeable
layer, Ds1, in the vicinity. The behavior of excess pore water
pressure in the Pleistocene sand gravel layers is naturally
associated with the behavior in the Pleistocene clay layers.
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the Pleistocene clay layers are shown in Fig. 9(c) together with
the measured results for the corresponding layers. For the
selected clay layers, the process of the generation and
dissipation of excess pore water pressure is described well
by the present numerical procedure. Fig. 9(d) shows the
calculated performance of the excess pore water pressure of
the Pleistocene clay layers where they do not have the
measured information due to damage to the pressure cells.
The process of excess pore water pressure propagation is
similar to that of the Pleistocene sand gravel layers. It is also
found that the rate of excess pore water pressure dissipation is
very slow and that the rate is not propagated in the middle
Pleistocene clay layers, such as Ma10 and 9. The insufﬁcient
dissipation of excess pore water pressure in Ds6 and 7 causes a
delay in consolidation for Ma10 and 9, in which the generated
excess pore water pressure is not well dissipated. As seen from
Fig. 9, the behavior of excess pore water pressure can be
predicted well with the proposed procedure. Hence, it is
conﬁrmed that the adopted procedure, in terms of an elasto-
viscoplastic ﬁnite element analysis associated with compres-
sion modeling and the concept of “mass permeability”, works
well to assess the stress condition of the Pleistocene deposits of
the existing 1st phase island due to the adjacent construction of
the 2nd phase island at KIX. A question may be posed about
the quantitative discrepancy between the calculated perfor-
mance and the measured results. It is possibly caused by the
assumptions of the continuous, horizontally even layers with
constant thickness as well as the constant equivalent coefﬁcient
of permeability set for the Pleistocene sand gravel layers. The
descriptive accuracy is improved by introducing a more
sophisticated geologically genuine foundation model that can
represent the horizontal continuity and the variety in thickness
of the individual layers. The subsurface structure of KIX,
based on the geoinformatic database and/or a geophysical
exploration, should be developed.
4.2. Transition of stress state with depth at monitoring point 1
The calculated proﬁles of stress with depth at monitoring
point 1 are shown in Fig. 10(a)–(d). In the ﬁgures, the stress
proﬁles at four different stages are exhibited, namely, (a) at the
completion of the reclamation for the 1st phase island, (b) just
before the start of reclamation for the 2nd phase island, (c) at
the completion of reclamation for the 2nd phase island and (d)
50 years from the start of the construction. Here, p0 denotes the
initial vertical effective stress, pc is the consolidation yield
stress, pf means the ﬁnal total vertical stress and p′ denotes the
effective vertical stress. The hatched area exhibits the undissi-
pated excess pore water pressure. As shown in Fig. 10(a), at
the completion of the reclamation for the 1st phase island, the
effective stress has already surpassed pc for the Pleistocene
clay layers above Ma10, while those still remain below pc for
the middle to lower Pleistocene clay layers, such as Ma10, 9
and Doc5&Ma8. Therefore, the upper Pleistocene clay layers
show normally consolidated behavior, while the middle to
lower Pleistocene clay layers show quasi-overconsolidatedbehavior during the process of reclamation for the 1st phase
island. The stress condition of the reclaimed foundation
beneath the 1st phase island, just before the start of the
reclamation for the 2nd phase island, is shown in Fig. 10(b).
It is true that the excess pore water pressure in the upper
Pleistocene layers is steadily dissipated before the construction
of the 2nd phase island, but that the excess pore water pressure
in the middle Pleistocene clay layers scarcely dissipates during
this period because of the poor permeability of the adjoining
sand gravel layers. This means that Pleistocene clay layers
Ma9 and Doc5&Ma8 behave as quasi-overconsolidated clays
without deﬁnite plastic yielding during the period of the 1st
phase island construction, whereas the other clays behave as
normally consolidated clays in association with the steady
dissipation of excess pore water pressure. A proﬁle of the
stress levels at the completion of the reclamation for the 2nd
phase island is shown in Fig. 10(c). In the upper Pleistocene
deposits, the excess pore water pressure is found to increase
due to the effect of the propagation of the excess pore water
pressure generated in the foundation beneath the 2nd phase
island by the reclamation for the 2nd phase island. It should
also be noted that in the middle Pleistocene deposits, the
proﬁle of the excess pore water pressure scarcely changed in
this particular period because the propagation of the excess
pore water pressure is obstructed due to the decrease in
thickness and poor permeability of the Pleistocene sand gravel
layers, Ds6 and 7. A proﬁle of the stress levels 50 years after
the start of the project is shown in Fig. 10(d). Emphasis should
be placed on the fact that a signiﬁcant amount of excess pore
water pressure remains even 50 years after the start of the
project in the middle Pleistocene deposits. One of the biggest
reasons for this behavior is that the mass permeability of the
permeable Pleistocene sand gravel layers, Ds6 and 7, is
insufﬁcient for promoting the dissipation of excess pore water
pressure. In contrast, so-called primary consolidation, asso-
ciated with the dissipation of excess pore water pressure,
steadily advances in both the upper and lower Pleistocene clay
layers due to the existence of the very permeable Pleistocene
sand gravel layers, such as Ds1 and 10, in the vicinity. From
these results for the changes in stress in the reclaimed
foundation at monitoring point 1, it is found that typical
consolidation, associated with the dissipation of excess pore
water pressure, advances in the upper and lower Pleistocene
clay layers in relation to deﬁnite plastic yielding, whereas in
the middle Pleistocene clay layers, consolidation with the
insufﬁcient dissipation of excess pore water pressure continues
for a long time in the quasi-overconsolidated region.
4.3. Stress–strain performance for individual Pleistocene clay
layers
The calculated stress–strain relations, in terms of the change
in void ratio against the effective vertical stress due to the
construction of the airport islands, are shown in Fig. 11
together with the setup e–log p for the representative elements
of the individual Pleistocene clay layers at monitoring point 1.
The setup compression curves, in terms of e−log p, are
Fig. 10. Stress condition with depth at monitoring point 1.
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as shown in Table 2. The elasto-viscoplastic model gives
various stress–strain paths for the individual Pleistocene clays
on the e−log p plane depending upon the strain rate mainly
controlled by the rate of dissipation of excess pore water
pressure. The increase in effective stress in the clay elements,
due to the reclamation load, generates strain at a certain strain
rate. For the upper Pleistocene clay layers, such as Dtc, Ma12
and 11, it is clear in Fig. 10 that the excess pore water pressure
steadily dissipates due to the high permeability of the adjoining
Pleistocene sand gravel layers, Ds1 and 3, by the start of the
2nd phase island construction, and the low initial stress, p0,
for these layers makes them easily surpass pc and become
normally consolidated in the early stage of the project. Thus,
the stress–strain curves for these clay layers exhibit a typical
overshoot performance as is usually seen for normallyconsolidated clays. The range in overshoot corresponds to
the range in which the viscoplastic volumetric strain rate is
larger than v ̇o and the volumetric strain rate becomes equiva-
lent to vȯ at the intersecting point between the calculated and
the setup e–log p following a reduction in the strain rate. In the
region where the effective stress is larger than the intersecting
point, so-called secondary consolidation takes place with little
excess pore pressure in the clay elements.
In middle Pleistocene clay layers Ma9 and Doc5&Ma8,
viscoplastic overshoot takes place in the quasi-overconsolidated
region of less than pc. Here, emphasis should be placed on the
introduced assumption that viscoplastic strain is also generated
even in the quasi-overconsolidated region for the Pleistocene clays.
The present peculiar behavior is caused by the occurrence of
viscoplastic strain, while the stress state remains below pc for a
long time because the gain in effective stress is prolonged due to
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paths for these clays are below the setup e–log p. This mode of
stress–strain relations means that the rate of deformation is low and
that larger long-term compression is expected due to strain-rate
dependency.
The stress–strain paths for lower Pleistocene clays Ma7 and
6 exhibit characteristics of both the normally consolidated
(upper Pleistocene) and the quasi-overconsolidated (middle
Pleistocene) clays. The viscoplastic behavior occurs in these
clay layers in the quasi-overconsolidated region because the
large initial stress for these clays, p0, prevents the effective
stress from easily surpassing pc, even after applying the
reclamation load. At the same time, however, adjoining
Pleistocene sand gravel layers Ds10 and 9, with high perme-
ability, function well for the dissipation of excess pore water
pressure from these Pleistocene clay layers. The relatively high
rate of excess pore water dissipation gives a high rate of
deformation for the lower Pleistocene clay layers. Therefore,
the combined behavior of normally and quasi-overconsolidated
clay takes place in the lower Pleistocene clay layers.
An additional important fact to be discussed here is the
effect of the construction of the 2nd phase island on the stress–
strain behavior of the Pleistocene clay layers at monitoring
point 1 on the 1st phase island. As has already been
mentioned, the excess pore water pressure generated by the
construction of the 2nd phase island is propagated to the
foundation of the 1st phase island through the permeable
Pleistocene sand gravel layers. On e−log p plane, the propaga-
tion of excess pore water pressure affects the stress–strain
relations of the Pleistocene clays. A remarkable decrease in
effective stress can be seen for Ma11. The point of the start and
the end of rebound on the e−log p relation corresponds to the start
and the completion of the construction of the 2nd phase island,
respectively. As seen in Figs. 8 and 9(a), the excess pore water
pressure due to the 2nd phase island construction is deﬁnitely
propagated to the foundation at monitoring point 1 in the adjoining
sand gravel layers, Ds3, 4 and 5. Ma11 is regarded as having been
deposited during the relatively cool interglacial stage. Insufﬁcient
transgression produced the separated strata (Ma11U and Ma11L)
with coarser components. The relatively high permeability of
Ma11, as well as that of the adjoining sand gravel layers, causes
the remarkable rebound on the e–log p plane in terms of a serious
reduction in effective stress due to the propagation of excess pore
water pressure generated by the construction of the 2nd phase
island. The phenomena can also be seen in lower Pleistocene clay
layers Ma7 and 6 because of the high permeability of Ds10 and 9,
whereas the middle Pleistocene clays do not undergo such a
remarkable reduction in effective stress because the low perme-
ability of the adjoining Pleistocene sand gravel layers, such as Ds6
and 7, obstructs the propagation of excess pore water pressure to
monitoring point 1 from the foundation beneath the 2nd phase
island.
4.4. Compression of Pleistocene clay layers
The calculated compression–time relations for the individual
Pleistocene clay layers are shown in Fig. 12 together with thecorresponding measured data. Here, the solid line shows the
results with the effect of the construction of the 2nd phase
island, whereas the hatched line shows the results without the
construction of the 2nd phase island. The effect of the
construction of the 2nd phase island on the reclaimed founda-
tion of the 1st phase island is discussed later. As seen from
Fig. 9, the excess pore water pressure in the upper and lower
Pleistocene layers, from Dtc to Ds5 and from Ma7 to Ds10,
has steadily dissipated with time. This steady dissipation
causes a remarkable advance in the compression of these clay
layers, such as Dtc, Ma12, 11, 7 and 6. During the construction
of the 2nd phase island, the settlement of these clay layers is
retarded and a slight upheaval can even be seen for some
layers, because the excess pore water pressure increased or the
dissipation of excess pore water pressure is hindered due to
propagation of the excess pore water pressure from the
foundation beneath the 2nd phase island. In the upper and
lower Pleistocene clay layers, such as Dtc, Ma12, 11, 7 and 6,
at the completion of the 2nd phase reclamation, the primary
consolidation with steady dissipation of excess pore water
pressure is almost completed because of high permeability in
sand gravel layers Ds1, 2 and 10. It should be noted that
the upper Pleistocene clays undergo plastic yielding due to
reclamation load in a short time because of their relatively
small initial stress levels, p0. Since the stress surpasses pc by
the reclamation load in the early stage of the project, the time-
dependent behavior associated with the secondary compression
in the quasi-overconsolidated region can be ruled out and then,
as typical behavior for normally consolidated clay, the hyper-
bolic shape of the settlement–time relations is exhibited with
the monotonic dissipation of excess pore water pressure for
Dtc, Ma12 and 11. The secondary compression is then
predominant after the completion of the 2nd phase reclama-
tion. In the lower Pleistocene clay layers, such as Ma7 and 6,
although their initial stress levels, p0, are relatively large, the
stress surpasses pc relatively rapidly by the reclamation load
with the monotonic dissipation of excess pore water pressure
because of the sufﬁcient permeability of Ds10 and 9. There-
fore, the mode of settlement with time also exhibits a
hyperbolic shape for Ma7 and 6. As shown in Fig. 11,
unloading in terms of the decrease in effective stress due to
the propagation of excess pore water pressure occurs in Ma11,
7 and 6 at monitoring point 1 of the 1st phase island during the
construction of the 2nd phase island. This decrease in effective
stress remarkably causes the occurrence of the retardation of
compression or swelling in these Pleistocene clay layers. The
calculated performance shows that the compression is retarded
for these clay layers for a long time and begins to restart after
33 years in Ma11, after 28 years in Ma7 and after 37 years in
Ma6 from the start of the project. The duration and the time for
recompression depend upon the mode of the propagation and
the dissipation of excess pore water pressure mainly controlled
by the “mass permeability” of the adjoining Pleistocene sand
gravel layers. The mode of retardation or upheaval of the
individual Pleistocene clay layers is controlled by the excess
pore water pressure propagated in the over- and underlying
Pleistocene sand gravel layers. The slight discrepancy seen for
Fig. 11. Calculated e–log p relation for Pleistocene clay layers.
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pressure in the adjoining sand gravel layers, such as Ds8 and 9.
Unfortunately, the calculated excess pore water pressure in
these layers cannot be validated due to the lack of measure-
ments (see Fig. 9(b)).
In the middle Pleistocene clay layers, such as Ma10, 9 and
Doc5&Ma8, the rate of dissipation of excess pore water
pressure is much lower compared to the upper and lower
Pleistocene layers and the excess pore water pressure does not
increase during the construction of the 2nd phase island (see
Fig. 9), because of the poor permeability of sand gravel layers
Ds6 and 7. It is also found that the behavior of unloading and
reloading does not take place during the construction of the
2nd phase island, and that the mode of the secondary
compression is predominant from the relatively low stress
level shown in Fig. 11. Then, although the rate of compression
in these clay layers, such as Ma10, 9 and Doc5&Ma8, is
getting retarded due to the construction of the 2nd phaseisland, the process of compression continues without the
remarkable dissipation of excess pore water pressure. This
means that the primary consolidation associated with the
dissipation of excess pore water pressure is not predominant
in the middle Pleistocene clay layers. However, the delayed
compression, including secondary consolidation, occurs during
the process of excess pore water pressure dissipation under the
condition of an insufﬁcient advance in primary consolidation.
It is also noteworthy that the stress levels in Ma9 and
Doc5&Ma8 remain below pc at the completion of the
reclamation of the 1st phase island. However, as shown in
Fig. 10, it takes a long time for these layers to become
gradually normally consolidated by undergoing plastic yield-
ing due to the dissipation of excess pore water pressure.
During this process, time-dependent compression, including
secondary consolidation, takes place with the insufﬁcient
dissipation of excess pore water pressure in the quasi-
overconsolidated region. In all the Pleistocene clay layers of
Fig. 12. Comparison of measured and predicted settlement in Pleistocene clay
layers.
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dependent compression has continued without the remarkable
dissipation of excess pore water pressure in the normally
consolidated or quasi-overconsolidated region.
The effect of the adjacent construction of the 2nd phase
island is found to be remarkable in Fig. 12. The total
compression with the effect of the 2nd phase island, describedby the solid lines, is delayed because of the decrease in
effective stress caused by the propagated excess pore water
pressure from the foundation of the 2nd phase island. On the
contrary, the total compression without the effect of the 2nd
phase island, described by the hatched lines, progresses
steadily in association with the steady dissipation of excess
pore water pressure. It is true that the degree of the delay of
compression, due to effect of the 2nd phase island construc-
tion, is different for the individual Pleistocene clay layers
because the mode of migration of the excess pore water
pressure in the adjoining Pleistocene sand gravel layers is
different, but the existence of the 2nd phase island deﬁnitely
inﬂuences the progress of the compression of the reclaimed
Pleistocene clay layers beneath the 1st phase island.
A comparison between the calculated and the measured
settlement is also shown in Fig. 12 to conﬁrm the validity of
the proposed procedure. The calculated performance can
describe well the whole process of compression, including
the interactive behavior due to the construction of the adjacent
2nd phase island, although the calculation slightly exaggerates
the retardation of compression. Here, due attention should be
paid to the approaching in situ compression of the individual
Pleistocene clay layers. It is of particular interest if the
interactive behavior, such as retardation and/or recompression,
is surely measured as the present calculated prediction.
5. Conclusions
The interactive behavior of the reclaimed Pleistocene
foundation beneath the existing 1st phase island of the Kansai
International Airport, brought about by the construction of the
adjacent 2nd phase island, was numerically evaluated using the
elasto-viscoplastic ﬁnite element method. The original marine
foundation was independently modeled so as to have contin-
uous, horizontally even layers with a constant thickness for the
1st and 2nd phase islands. The stratigraphy at the monitoring
points on the 1st and 2nd phase islands was regarded as
representative of the corresponding foundations. The founda-
tion between both islands is simply modeled by linearly
connecting the corresponding layers of the foundations of the
1st and 2nd phase islands.
It is natural that large excess pore water pressure is generated in
the Pleistocene clay layers, but emphasis should be placed on the
fact that even in the permeable Pleistocene sand gravel layers a
large amount of excess pore water pressure remained undissipated
for a long time. Although the upper Pleistocene clay layers
underwent plastic yielding, due to the reclamation load in a short
time, the excess pore water pressure dissipated steadily in these
layers because of the existence of highly permeable sand gravel
layers in the vicinity. In contrast, the state of the stress levels
in the middle Pleistocene clay layers remained in the quasi-
overconsolidated region at the completion of the construction of the
1st phase island. Due to the insufﬁcient dissipation of excess pore
water pressure, caused by the poor permeability of the Pleistocene
sand gravel layers in this region, it took a long time for the middle
Pleistocene clay layers to become normally consolidated with the
delayed dissipation of excess pore water pressure.
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of the 1st phase island was seriously affected by the reclama-
tion of the 2nd phase island 200 m offshore from the 1st phase
island. The most characteristic and inﬂuential phenomenon
was the “propagation of excess pore water pressure through the
permeable sand gravel layers” in this particular case. Here, it
should be noted that the Pleistocene sand gravel layers with
poor permeability, such as Ds6 and 7, scarcely functioned to
propagate the excess pore water pressure generated by the
construction of the 2nd phase island to the adjacent foundation
of the 1st island because of their poor permeability. On the
contrary, the propagation of excess pore water pressure was
remarkable through the Pleistocene sand gravel layers with
ordinary permeability. It was also found that excess pore water
pressure did not propagate as well through the Pleistocene sand
gravel layers with high permeability and sufﬁcient thickness as
the permeable layers because of their immediate dissipation.
The calculated performance was found to describe well the
generation/dissipation/propagation process of the excess pore
water pressure subjected to the construction of the offshore
islands of KIX.
The long-term compression of the Pleistocene clay layers,
associated with the dissipation and propagation of excess pore
water pressure, was investigated with the present numerical
procedure. The retardation and/or the slight upheaval were
calculated for the Pleistocene clay layers beneath the 1st phase
island, which were caused by the propagation of excess pore
water pressure generated by the construction of the 2nd phase
island. In particular, for the upper and lower Pleistocene clay
layers, the phenomenon of unloading occurred due to the
decrease in effective stress induced by the excess pore water
pressure propagated from the foundation beneath the 2nd
phase island. Thus, the long-term compression in these
Pleistocene clay layers at monitoring point 1 was retarded
for a certain period. However, after the propagated excess pore
water pressure started to dissipate, compressive behavior
occurred again. In the middle Pleistocene clay layers, neither
the retardation of compression nor upheaval was signiﬁcant,
because the poor permeability of the adjoining sand gravel
layers obstructed the propagation of excess pore water pressure
generated by the construction of the 2nd phase island to the
foundation of the 1st phase island. The calculated performance
was found to describe the overall compression well for a
period of over 20 years for the individual Pleistocene clay
layers at monitoring point 1 on the 1st phase island.
It is noteworthy that the proposed procedure with the elasto-
viscoplastic ﬁnite element method was found to be versatile for
explaining the interactive behavior associated with the propa-
gation of excess pore water pressure to the foundation of the
existing 1st phase island due to the construction of the adjacent
2nd phase island of Kansai International Airport.Acknowledgments
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